ABSTRACT Three-spine stickleback (Gasterosteus aculeatus) is a well-known model organism that is routinely used to explore microevolution processes and speciation, and the number of studies related to this fish has been growing recently. The main reason for the increased interest is the processes of freshwater adaptation taking place in natural populations of this species. Freshwater three-spined stickleback populations form when marine water three-spined sticklebacks fish start spending their entire lifecycle in freshwater lakes and streams. To boot, these freshwater populations acquire novel biological traits during their adaptation to a freshwater environment. The processes taking place in these populations are of great interest to evolutionary biologists. Here, we present differential gene expression profiling in G. aculeatus gills, which was performed in marine and freshwater populations of sticklebacks. In total, 2,982 differentially expressed genes between marine and freshwater populations were discovered. We assumed that differentially expressed genes were distributed not randomly along stickleback chromosomes and that they are regularly observed in the "divergence islands" that are responsible for stickleback freshwater adaptation.
INTRODUCTION
Three-spined stickleback (Gasterosteus aculeatus) ( Fig. 1) is a well-known model organism that is commonly used to explore the adaptive speciation process [1] , since its marine form colonizes freshwater areas across the entire coastline of the Northern Hemisphere. A marine population of three-spined stickleback usually uses freshwater streams and lakes for spawning. However, isolation in a new habitat leads to the formation of a freshwater resident population, whose morphology changes over time as other features that make survival possible in new conditions develop. This feature makes it possible to use this small fish as a model for studying adaptive evolution in similar habitat conditions.
To date, a number of investigations have been published on the genome-wide changes that occur in three-spined stickleback during the process of adaptive speciation [2] [3] [4] , which describe genomic "divergence islands" where the nucleotide substitutions characteristic of the freshwater form are concentrated. There are studies that describe the differential expression of stickleback genes in the kidneys of marine and freshwater specimen and the changes that occur after the introduction a freshwater specimen to a marine environment [5] , as well as changes in the muscles, epithelial and bone tissues of marine and freshwater stickleback populations in studies of the plasticity of gene expression during colonization of freshwater habitats [6] . In addition, the differential expression of G. aculeatus genes in the tissues of the kidney and spleen in lake and river fish was evaluated in a study of the immune response to parasitic fauna [7] .
The differences in the expression of genes in marine and freshwater forms have been widely studied in other models. Diadromous fish are especially suitable for this type of research, since they can live in both marine and fresh water and have physiological mechanisms for adaptation to water of differing salinity. In addition, global changes in gene expression in the marine and freshwater forms of such species as Plecoglossus altivelis ayu [8] , Japanese river acne Anguilla japonica [9] , European acne A. anguilla [10] , tilapia Oreochromis mossambicus [11, 12] , Fundulus heteroclotus [13] , common laurel Dicentrarchus labrax [14] , sockeye Oncorhynchus nerka [15] , arctic char Salvelinus alpinus [16] are studied by the RNA-seq method. In most cases, the RNA-seq method is used to evaluate subsequent changes in gene expression after changes in the external environment with gills as the target tissue. The categories of gene ontology (GO, Gene Ontology), which are enriched in experimental groups, have been identified, and metabolic and biochemical pathways, which play an important role in adaptation to changes in osmotic conditions, have been proposed. In particular, it has been shown that changes in osmotic conditions lead to changes in the expression of the genes that encode transport proteins and ion channels [12] , the genes responsible for cell growth and proliferation, apoptosis and molecular transport, protein synthesis, and energy metabolism [9, 11, 13] . The active involvement of transcription factors in this process [15] , which indicates an extensive effect of changing osmotic conditions on gene expression, deserves special mention.
Examination of gene expression can shed light on such fundamental problems of genetics as the connection between structure and functions in the eukaryotic genome. It is generally believed that genes in the eukaryotic genome are distributed randomly without forming any functional clusters similar to bacterial operons. However, there is evidence that this statement is false: statistical analysis of genome-wide data and transcription analysis data have demonstrated that genes in the eukaryotes genome are not distributed randomly but are organized into co-expressed clusters [17, 18] . Moreover, it has been shown that the genes of Arctic char [16] , orthologous to the genes of threespined stickleback, which are differentially expressed in the gills of fish from fresh and marine water, are much closer to each other than they would have been in a random arrangement, which confirms the hypothesis of a cluster organization of the eukaryotic genome. However, it would be of interest to compare these data with gene expression in three-spined stickleback.
In this paper, we present the results of a RNA-seq analysis of the genes expressed in the gills of marine and freshwater forms of three-spined stickleback; we have identified genes whose expression levels differ significantly in these two forms. We used gills as the target tissue, because they play an important role in the osmotic balance, and they are easy to isolate, which reduces the errors associated with the collection of material for the study. We elucidated the genomic localization of differentially expressed genes. For each chromosome, we calculated the ratio of the intergenic distances of such genes to the mean in the chromosome. We additionally performed functional and Gene Ontology analyses, identified the biochemical pathways enriched with the identified genes, and compared the data obtained with previously published data for other species. The ratio of differentially expressed genes to the genomic "divergence islands" involved in the adaptation of three-spined stickleback to a freshwater habitat was determined [4] .
EXPERIMENTAL
Samples of marine three-spined stickleback (hereinafter referred to as "M") were collected from the White Sea, near the N.A. Pertsov White Sea Biological Station of Moscow State University (WSBS, MSU, Primorskiy settlements, Murmansk Region). Freshwater samples (hereinafter referred to as "F") were collected from the Machinnoye Lake, not far from the village of Tchkalovsky, Loukhskiy district, Republic of Karelia. Based on its location above sea level, the approximate age of the lake after desalination is 700 years [4, 19] . The lake contains only resident freshwater forms, since the stream leading from the lake into the sea is swampy and impassable for anadromous stickleback. In addition, the risk of collection error was reduced due to the significant morphological differences between the marine and freshwater forms [20] . To synchronize the physiological status of the samples, only males in breeding dress were selected.
The collected samples were kept for 4 days, each in their own water in the aquariums at the WSBS to synchronize the stress factor, which may differ depending on the collection conditions. Afterwards, the gills were isolated and fixed in a IntactRNA® reagent ("Eurogen", Russia). RNA from the gill tissue of G. aculeatus (five samples from each experimental group) was isolated according to a standard protocol using a TRIzol® reagent (Invitrogen, USA). The RNA concentration for each sample was determined using a BioAnalyzer 2100 (RNA 6000 Nano Kit) (Agilent, USA).
To obtain cDNA libraries, cDNA was first synthesized on the RNA template using a set of Mint® reagents ("Eurogen", Russia) according to the manufacturer's instructions. Then, 10 indexed pair-end libraries for sequencing on Illumina analyzers (Illumina, USA) were prepared using the NEBNext Library Prep Kit for Illumina (NEB, UK). The concentration and purity of the libraries were determined using an Agilent Bioanalyzer 2100 instrument (Agilent Technologies, USA), followed by sequencing on Illumina HiSeq 1500 with a length of 2 × 75 nucleotides.
To identify the genes which are differentially expressed in the marine and freshwater samples of threespined stickleback, the Illumina nucleotide reads were mapped on the G. aculeatus reference genome from the Ensembl database (BROAD S1, Feb 2006, assembly 81; http://www.ensembl.org) [21] using the bowtie2 software package [22] with the set of parameters "-very-sensitive-local." As a result, SAM (Sequence Alignment/Map) files [23] were produced, which were further processed (compression, sorting, indexing) using the SAMtools package [23, 24] . The relative activity of each gene was determined according to the coverage of this gene by nucleotide reads on the reference genome after the mapping of each library. The coverage was determined using the coverageBed tool from the bedtools software package [25] , using the bed-file with gene coordinates from Ensembl, and an indexed bam file obtained as a result of mapping of the nucleotide reads. The mapping data for each library was collated in a single table using a perl script. Statistical analysis of differential expression was performed using the edgeR package [26] of the R software for statistical computations (http://www.r-progect.org).
The analysis of gene ontologies (GO-Gene Ontology) and the analysis of biochemical pathways were carried out using the PANTHER (Protein Annotation through Evolutionary Rela-tionships) software (http://pantherdb.org) [27] , after translating the Ensembl ID of stickleback genes into human orthologic genes with the help of BioMart Ensembl service, because this software does not use the genome of three-spined stickleback as a reference for searching for enriched GO categories. This utility uses the GO PANTHER library, based on models that use the hidden Markov chain algorithm to identify enrichment categories. Both "full" and reduced GO slim categories are used.
The intergenic distances for the complete set of genes of three-spined stickleback were compared with the distances between the genes responsible for osmoregulation using a perl script. Using the coordinates of the genes on each chromosome (indicated in bed-files from Ensembl's ftp server), the distance from each gene to all other genes of a given chromosome was measured and the same was done for all genes of the genome, resulting in an array of intergenic distances in nucleotides. A similar procedure was carried out for those genes that were differentially expressed in the gills of the marine and freshwater forms. We transferred the two acquired arrays to the t.test function of the R software for statistical computation, producing the difference indices for the two arrays.
The work was carried out using the equipment of the Center for Collective Use "Complex for Modeling and Data Processing of Mega-Class Research Facilities" of the Kurchatov Institute, http://ckp.nrcki.ru. 
RESULTS AND DISCUSSION
Initially, five samples of stickleback from marine and freshwater populations were selected for the study of differential expression. However, the preparation of cDNA libraries revealed that two samples (one from each population) were of poor quality and they were excluded from the subsequent analysis. Therefore, four Note. logFC -binary logarithm of expression fold change, logCPM count per million -expression level characteristic, P-value -difference in expression, FDR -(false discovery rate) -P-value, normalized for multiple comparisons.
Ensembl database. The information on the number of nucleotide reads obtained as a result of the experiment and the mapping statistics are presented in Table 1 . After mapping of the data on the G. aculeatus genome, the nucleotide reads mapped on each of the annotated three-spined stickleback genes were counted and the activity of each gene was normalized using the edgeR package.
A MDS (Multi Dimensional Scaling) graph was constructed using the data on the coverage of annotated genes; in this graph, the arrangement of the samples corresponds to the differences in the expression of their genes. There were significant differences in the expression of genes in marine and freshwater stickleback samples. At the same time, samples of each group formed a fairly tight cluster (with the exception of the M4 marine sample), which indicates good synchronization of the physiological processes between the samples studied (Fig. 2) .
Differential expression was established using the edgeR package [26] , which calculates the variance of the expression index for each gene. Genes were consid- ENSGACG00000000730  ENSGACG00000002658  ENSGACG00000007730  ENSGACG00000013724  ENSGACG00000012477  ENSGACG00000018566  ENSGACG00000009244  ENSGACG00000015981  ENSGACG00000011728  ENSGACG00000019813  ENSGACG00000013333  ENSGACG00000006322  ENSGACG00000014691  ENSGACG00000001373  ENSGACG00000012346  ENSGACG00000014967  ENSGACG00000010315  ENSGACG00000018764  ENSGACG00000004882  ENSGACG00000003404  ENSGACG00000011986  ENSGACG00000013714  ENSGACG00000009412   M5  M3  M4  M2  F5  F1  F2 ered differently expressed if the difference between their activity and the mean was significantly higher than the variance. When calculating differential expression, the degree of gene activity is also important: for poorly expressed genes, the deviation from the mean should be higher for the difference in expression to be recognized as reliable. Figure 3 illustrates the information presented above: differentially expressed genes (red dots) are genes whose expression not only deviated significantly from the mean, but also was on a fairly high level. When comparing marine and freshwater specimens, statistically significant differences were found in the expression of 2,982 out of 22,456 annotated genes of G. aculeatus (significance level 95%). The expression of 1,304 genes was higher in marine stickleback, and the expression of 1,678 genes was higher in the freshwater form. Table 2 shows 10 genes with the highest difference in expression in individuals of different ecotypes. Figure 4 graphically represents the results of the differential analysis of 50 genes whose level of expression is most significantly different in the three-spined stickleback experimental groups. It was shown (similarly to The last column contains an indicator of the statistical significance of differences in the intergenic distance.
MDS-graph) that marine and freshwater specimens differ considerably in their level of expression of some genes (judging by the clustering of the samples at the top of the figure) . Moreover, 50 of the analyzed genes are predominantly genes whose expression is enhanced in marine samples. The results of the functional analysis are shown in Fig. 5 . The genes which are UP-expressed ("overexpressed") in the gills of the marine stickleback deviate to the right of the point of origin, while DOWN-expressed genes deviate to the left. UP-and DOWN-expressed genes can be interpreted as marine and freshwater ones, respectively. In addition, among the genes differentially expressed in the marine form, the content of genes associated with transmembrane functions and the cytoskeleton, e.g. those associated with the activity of ionic and anionic channels, transmembrane transporters, substrate-specific transmembrane transport activity, as well as other categories associated with membranes, proved significantly higher. This is quite logical and can be attributed to the fact that the maintenance of intracellular homeostasis in different osmotic conditions requires significant activi-ty by transmembrane systems. Among the genes whose expression is increased in the freshwater form, there are many genes associated with the cell cycle: DNA replication, mitosis, chromosome segregation, as well as those associated with intracellular transport and microtubules. Differences in the processes of cell division can be associated with different rates of development of stickleback in the sea and in fresh water, which, in turn, can be defined by the temperature regime. However, this phenomenon requires further study and explanation.
The content of genes associated with muscle activity is increased among the differentially expressed genes of the marine form, which can be explained, for example, by the need for males of marine sticklebacks to migrate to the coast where the spawning takes place before the mating season, whereas in freshwater forms such movement is unnecessary, as spawning occurs directly in the habitat. The differences in the immune processes in the two forms of stickleback, apparently, may be due to differences in the freshwater and marine parasitic fauna that affects stickleback [28] . Our results only weakly correlate with the data for other fish species [9, [11] [12] [13] 15] . Is this related to the methodological features of the functional analysis of the gene lists or do different species adapt differently to saline conditions? This issue remains open and requires more in-depth studies. However, there is evidence in favor of the idea that the response to changes in osmotic conditions can be individual. For example, a study of changes in gene expression in the gills of two related arctic char larvae (S. alpinus) revealed 1,045 and 1,544 genes differentially expressed in each of these lines, respectively [16] . At the same time, only 257 genes were common; i.e. in less than a quarter of the genes responding to changes in osmotic conditions expression changed in a similar way. And this in representatives of just one species! Based on the intergenic distances for a complete set of genes of three-spined stickleback and the distances between the genes participating in osmoregulation, the distribution of differentially expressed genes on the chromosome is indeed not accidental. For example, the distance between genes whose regulation varies with change in osmotic conditions does not statistically differ from the intergenic distances of other genes only in seven out of 21 chromosomes of three-spined stickleback ( Table 3) . This confirms the hypothesis that the genes in the eukaryotic genome are not distributed randomly but are combined into co-expressed clusters [17, 18] . This result suggests that we still do not know much about the structure of the eukaryotic genome.
The previously published results of the search for single nucleotide polymorphisms associated with marine and freshwater forms in the genome of threespined stickleback [3, 4] showed that such polymorphisms are predominantly localized in small parts of the genome called "divergence islands." We compared the localization of the differentially expressed genes we had identified with the position of the "divergence islands" involved in the adaptation of stickleback to fresh water. Out of 2,982 differentially expressed genes, 28 were found in the islands of adaptive divergence, which is significantly higher than the number of random coincidences. All in all, there are 212 of the 29,245 annotated three-spined stickleback genes in the divergence islets (according to the Poisson test, at P-value is 0.0001). This fact seems quite natural, since if there are single nucleotide polymorphisms in certain loci that differ in the marine and freshwater specimens of three-spined stickleback, then it is logical to assume that the expression of genes in these loci will differ as well with rather high probability, because some polymorphisms can be in the regulatory elements of these genes.
CONCLUSION
Summarizing the results presented in this work, let us emphasize that the use of modern methods of parallel sequencing to determine the activity of gene expression allowed us to identify an array of genes and the range of mechanisms involved in the process under study. Using the example of the adaptation of three-spined stickleback to changes in osmotic conditions, it has been shown that genes whose expression varies with the osmotic response are actively involved in such processes as regulation of the cell cycle, membrane transport, immunity, muscle contractions, etc. At the same time, a comparison of the enriched categories of differentially expressed genes with the results obtained earlier in other research centers reveals a low universality of the molecular mechanisms of adaptation to change in habitat conditions. This phenomenon requires further study.
